Ultra-precision engineering has at its core the size, shape and texture of the components used. This study examines how the relationship between them and their role is changing with respect to manufacture, function and characterization, with particular emphasis on aspects of miniaturization and ultra-precision engineering. Surface geometry has traditionally been linked to the generation of part size. This is changing: the study shows that it is now possible to separate shape and texture from the size generation and to design them independently for function. In addition, with miniaturization, the roles and properties of shape and texture that affect performance change considerably, especially those tribological functions involving contact and flow. This study reveals these changes and shows how the characterization of the surfaces making up a surface system can take these into account.
Introduction
Ultra-precision engineering has at its core the size, shape and finish of the components. It makes sense therefore to examine these geometrical attributes in some detail. This study is concerned with the size, shape and texture of engineering parts and how the relationship between them and their role is changing with respect to manufacture, function and characterization, with particular emphasis on aspects of miniaturization and ultra-precision engineering.
As this study is concerned with the mechanical aspects of ultra-precision engineering rather than with electronic fabrication and its uses, it is useful to start with a reminder of what the roles are of the attributes of a workpiece manufactured for a mechanical function. This breakdown is shown in simple form in figure 1 . First, the part has to have the correct size. This enables it to be assembled into or fitted onto the machine or instrument, or whatever the system, to which it belongs. Next, the surface geometry (in particular, the shape) allows the part to rotate and or translate. For these attributes, adequate roundness and straightness are required as minimum characteristics. Following these geometric conditions, the physical and possibly the chemical attributes are necessary to *djwhitehouse@sky.com One contribution of 16 to a Discussion Meeting Issue 'Ultra-precision engineering: from physics to manufacturing'. Figure 1 . This shows the attributes of the workpiece necessary to achieve acceptable performance.
ensure that the part will have an acceptable lifetime. Obviously, all of these attributes are necessary in order that the economic function can be achieved but they have to be laid down in this order; if the part does not fit because the size is wrong, there is no point in making it circular or any other form! Note that some people put the material requirement first not last.
Relationship between geometry and size generation
How the generation of the workpiece (sometimes called the component or the part) has developed is shown in figure 2. In the early days, although the size and shape were generated with diligence, the texture left by the process was regarded almost as an irritant, as seen in figure 2a. The Bentley car manufacturers, the racing car version of which won most of the Le Mans 24 hour races in the 1920s, attempted to get rid of the finish completely by having super smooth cylinder bores, but found that instead of improving the performance, the lack of surface finish worsened it. So, the conclusion was reached that the surface finish should be lumped in with that of size and shape because it too could play a role in helping performance, as seen in figure 2b . Today, the situation has developed to such an extent that with structured and patterned surface finishes, as well as prescribed traditional finishes, surface effect should now be considered as an entity in its own right, independent of size and shape. In fact, the general scheme is seen in figure 2c . Size has effectively been demoted. This has become necessary because of the need to either cheapen manufacture or to optimize the performance (in this study, usually called the function). As the generation of size is often largely dependent on routine labour costs, the emphasis has been shifting towards the refining of the shape and texture, which implies increasing the socalled added value or value add to the product by improving the performance, which is definitely the province of ultra-precision engineering. This usually means that the value of the component, to the customer, is increased. In effect, the 'value add' effort is being transferred away from the size generation to that of the shape and the finish, as it can be argued that getting down to size is not the most refined of tasks because it usually implies controlling one variable, whereas the shape and finish are more complex, and therefore have the potential for adding more value. What this does not show is the way in which the surface texture and shape fit into the balance between manufacture and function and, more importantly, it underestimates the value of the finish to the functional performance of the part, which is, after all, the basis of the 'value add' philosophy. It is the tremendous increase in computing power together with marked improvements in manufacturing technology that have enabled performance to be 'tuned' to a new level of refinement.
There are other pressures that affect the size generation issue. One of these is the need to reduce weight and valuable material, and the other is to reduce overall space used. The first and most obvious way is to see whether there are ways in which some reduction of the weight and material use can be allowed if this does not significantly reduce the performance. As the shape and finish are the primary geometric attributes for dynamic performance, compromise has to be attempted with these. One way is not necessarily to reduce the bulk directly, but to reduce it by a careful restriction of the functional requirements such as the 'discretization' of design.
Shape and size relationships (a) Shape discretization
Historically, the first attempt to reduce the size element from a practical part goes back to the 1820s when Fresnell approximated a lens by a set of prisms [1] focal length of lens as shown in figure 3a . He then replaced each prism by its change in shape from the previous one. It can be seen that he simply ignored the body of the lens and replaced it with the changes in shape at the various levels, making a much lighter element and yet having much of the properties of the original lens. A better result is achieved by making each prism element in the approximation have the same focal point, but it was not considered to be essential. It could be argued that using a mirror instead of a lens to focus light is similar in the sense that it gets rid of bulk, although it does not necessarily get rid of space. A modern equivalent is to use an array of microlenses instead of a complete lens, as seen in figure 3b . This also has nominally the same performance, but it is much lighter and more compact and has therefore achieved significant cost benefits. Again, the size has been reduced, without markedly reducing the performance, by careful design of the shape of the microelements. This discretization of the general shape of the part to reduce the size is somewhat analogous to differentiating a signal to remove its DC term; size has been sacrificed by truncating the longer spatial elements of the wavefront.
(b) Shape dominance over size issues
Getting the correct size has always seemed to take precedence over the shape, but there are situations where the shape itself is more critical than the size of the part. One such example is shown in a relativity experiment in which two gyroscopes orbit the Earth (figure 4). The gyroscopes are pointing in two orthogonal directions. At the end of the year, the amount of precession should be different according to the prevailing theory of relativity by a certain amount, as shown in the picture, 7 arcsec in gyro 1 and 0.05 arcsec in gyro 2. Each gyro has as its critical rotor a quartz sphere that has to be precisely spherical to about 10 nm; yet the size of the sphere and the housing has to be within only about 500 nm; small changes in shape cause the rotation of the sphere to develop a perturbance that can ruin the experiment (figure 4b) [2] .
Another example of where the shape is more critical than size is shown in figure 5 , which is of Couette flow in a microchannel. If the shape of the corrugation is picked correctly as in figure 5a, then the flow of liquid in the channel as opposed to across it can be used as a 'liquid ball bearing' quite effectively, whereas if the shape is wrong, then the inner flow cannot support a normal load and therefore Reproduced with permission from Everitt et al. [2] .
(a) ( b) Figure 5 . (a,b) Couette flow-the shape of the channel determines the flow. Reproduced with permission from Scholle [3] .
cannot be said to behave as a bearing and, worse still, it allows debris to form in the bottom of the trough. The value of the separation of the moving upper plate from the shaped channel is not as critical [3] .
(c) Shape and system size There are occasions where shape can be used to reduce the size of a system rather than just one element in it. An example is shown in figure 6 in which a complicated optical system comprising a number of Gaussian elements is replaced by a free-form single element that produces the same optical wavefront and yet is very much smaller.
This stratagem is possible because of the increased computational power now available to determine the optimum wavefront for the application, which, when coupled with enhanced manufacturing capability, enables the one element to replace a number, for example, in head-up displays. However, this technique is not always entirely beneficial because the positioning and the tolerances of the free-form element are more critical than the cruder but more robust multi-element solution-an example where ultra-precision engineering has its penalties as well as benefits! The free-form method also does not easily allow the 'tweaking' of the solution once the shape has been fixed. Optimum shape can also be ensured in mass production manufacture by using a free-form shape of mould, which can be calculated to allow for shrinkage and warpage of the replicate in such a way that the final shape is the prescribed shape, thereby saving material and scrap and indirectly helping to achieve better performance. An example of this is shown in figure 7 , where figure 7a is the traditional way where the mould is of the final shape but produces a poor replicate and in figure 7b where the complex free-form shape automatically compensates for the distortion.
Surface finish as an independent entity
If the surface roughness of the manufacturing process itself is relatively small and the size and shape have been determined, then it becomes possible to start to think of using extra surface characteristics to provide specific functional benefits, thereby contributing directly to the 'value add'. This idea is not new, for example, it has been used in the past by rifling of the barrels of guns and using spiral grooves to help load-carrying capacity in thrust bearings. Surfaces can have additions such as bosses or rods, or dimples or channels or just specific shapes. Do not make the mistake of thinking that surface geometry can only help in just one function at any given time: surface geometry can often provide multifunction improvement all the time. How this can work is shown in figure 8 , which is an example where there are a multiplicity of shapes at various scales of size all contributing to establishing lift at the same time as preventing ice to form. There are three scales of size, namely the macro, the micro and the nano. The macroscale shape is the aerofoil causing the lift. There are wedge-like indentations in the leading edge, which are there to force moisture hitting the edge to move upwards as well as backwards along the contour as it moves. Finally, there are nano-size rods on the surface of the wedge that acts as a hydrophobic element to cause free moisture to form into droplets, which then readily disperse and precludes the formation of ice on the leading edge, thereby avoiding any change of shape that could destroy its ability to lift. The result of these three attributes is that the wing or blade maintains its operational capability. See Naterer et al. [4] for an example of de-icing.
The discussion given earlier has been largely concerned with the relationship between size and the functional geometric attributes of shape and surface finish. However, probably, one of the most important aspects of size and geometry is the inexorable move towards size reduction, i.e. miniaturization. In the following, this will be discussed with emphasis on how the reduced scale has affected the role of the geometry, the change in properties that have resulted and how these changes have affected the performance. These effects are best explained by referring to the generic geometric elements of volume, area and profile (or line boundary). Obviously, the shape and the texture can affect both these but are less general.
Miniaturization and surface geometry (a) General
The incentive to make objects small emanates from many requirements, among which are the need to reduce the amount of material, the weight and the bulk (to increase speeds), and to reduce the interaction between the operation of devices and their control sensors. These pressures are from the semiconductor industry, the automotive industry and space technology, to name just a few. Making things smaller is not as simple as it might appear because as the dimensions reduce, there are many other changes that occur, some of which are not obvious. The point is that relationships between attributes at the macroscale and those with which everyone is familiar are not necessarily maintained at the smaller scales, which have often to be considered in ultra-precision engineering. The implications of this are numerous but basically affect forces, energies and material properties. Many of these are concerned with having smaller object geometry. However, sometimes the issues are concerned with micro and nano details on macro-objects; in such a case, the situation is not the same. It is important to realize that these two scenarios are different and have to be considered separately. Simple generic geometry can be split into three features, namely line, area and volume, and these have the spatial dimensions of L, L 2 and L 3 , respectively, from which it is obvious that as the scale of size L reduces, the numerical values of these geometric attributes of an object change in these proportions. The values change most rapidly with volume, then area and finally the line. In addition, there are other parallel changes that occur resulting directly from the size reduction of the surface geometry. One aspect of these changes is shown in figure 9 , which concerns the engineering features such as the physical size of an object, its shape and its roughness. The obvious observation is that these characteristics become much less separated in value as the scale of size reduces and that clearly in these circumstances the size element for the first time no longer overshadows the shape or the finish as they are approaching the same dimensional value. Shape also changes as it becomes more aligned to some of the chemical and biological shapes (such as the hexagon) rather than traditional engineering forms (e.g. the circle). In addition, roughness does not reduce as quickly in proportion with shape and size in traditional manufacture because it is produced by the manufacturing process rather than by the machine tool. So, everything is changing! Control of any process involving material movement or removal and the scaling down of abrasive grains, for example, in grinding is not at all straightforward: process size changes are more difficult to achieve than reducing the movement of the tool. Reducing from normal to very fine finishes especially produces some subtle changes on the surface because the basic mechanism changes from that of a Markov process at the microscale to that of fractal behaviour at smaller scales. This difference is caused because the former is dominated by the process, whereas the latter is influenced more by the material. These changes are now being complicated even more by the introduction of structured surfaces often introduced by chemical or ionic means, and these bring extra geometric problems. Each of these factors has different effects on the surface and consequently on its behaviour. Discrepancies such as these can seriously affect performance at small scales, for example, on the lifetime of miniature machines. Furthermore, in the nano regime, it sometimes becomes questionable as to the meaning of the various terms such as the roughness [5] .
Size change brings with it changes in properties, not only of single bodies, but also of more than one body such as is found in tribological situations, which form the majority of mechanical functions. In what follows, some single-body properties will be examined first, which will then be followed by more general considerations. As, traditionally, the reduction of size and the generation of a surface is the objective of manufacture, it is convenient to start an examination with the relationship between volume and area. This apparently elementary consideration, which can be investigated using simple dimensional analysis, has an enormous impact on the behaviour of miniature engineering parts! (b) Volume versus area effects Take as a starting point a spherical object. The natural reaction is to think that this has the same properties, irrespective of its size, but this, surprisingly, is not so! A key property, the ratio of its area to its volume, is badly affected by the scale of size and has marked physical implications, for example, in its reactance, i.e. its instability. The ratio of area to volume R (this is 4pr 2 /4/3pr 3 = 3/r) determines, to a large extent, the reactance. Basically, at the macroscale, the bulk of the object contains many more atoms than lie at the surface, but at a small scale, the proportion of the number of atoms at the surface to those in the bulk increases. It is the atoms in the bulk of the material that determine the stability of the object and it is those atoms near to the surface that are more exposed to external influences that determine the instability of the object, except sometimes in radioactivity. So as the scale of size reduces, the instability increases, and in some cases, such as for carbon dust, magnesium and even flour, an explosion can result, as shown in simple form in figure 10 . This can be a real hazard in manufacture; machining to get very fine finishes and extremely close tolerances in ultra-precision engineering is not without its dangers. It has also been known to produce fires in high-performance engines when minute particles produced by wear have exploded. Figure 10 . This illustrates the relative instability of small objects when compared with large objects: the large cluster is stable, but the small cluster explodes.
If a powder grain, say, is of size L,
Hence, if the size of the grain is scaled down by 's', the reactance/stability ratio will become 's'/L: it will increase by the scale factor! The powder will become more unstable, i.e. more reactive, which is why there is a tendency of some powders to explode if the grain size gets too small-a critical point in the corning of gunpowder. The ratio of surface to bulk atoms is much dependent on size. In general, the ratio for 'fine particles' is very low (R ∼ 10 −5 ) for particles of spherical shape, but for small diameters (approx. 1-2 nm), the ratio can be as high as 0.5. The actual ratio value depends on the size of atoms or molecules.
To give some idea of the way in which the relative area increases, consider the following example. If a spherical object is split up into N fragments, the total area of the 'fine particles' produced is increased relative to the area of the original sphere by a factor of N 1/3 . However, if the same sphere is covered in regular roughness features, its area is increased between 2 and about 4 virtually, irrespective of the size of the roughness value and is just dependent on the roughness shape, i.e. spherical or angular, etc. So any roughening markedly increases reactance and it is the shape of the roughness (not the amplitude) that dominates. Furthermore, if there are 'm' scales of roughness as in figure 11b,d, this increases to 2 m or 3 m for tetrahedral roughness protuberances and so on, illustrating that shape in its own right is a critical factor for functional behaviour. This has manufacturing implications because the natural physical reluctance to generate area (because of energy considerations) in the case of very fine machining with low forces not only favours the production of continuous chips, as in ductile grinding, but also, according to the mechanism outlined earlier, produces very smooth chips. It also suggests that the fractal surface of chips and of the surface itself has a low likelihood because of the very high rate at which area is generated as the fractal spectrum extends. In powder metallurgy, the roughness of the powder particles and their size have to be important factors for their stability. The roughness may also be important in sintering owing to its effect on heat conduction. This may or may not be an issue at the microscale, but it is likely at the nanoscale. A factor in this is that engineering powders tend to have irregular roughness shapes and sizes, but this is not so much the case with microclusters because, being smaller, they are more stable atomically and tend to form into better-behaved geometries. Hence, at the nanoscale, the situation changes yet again! As well as size, the density of defects on the surface as opposed to those in the bulk is also important. If this ratio is high, then the defect effect can completely dominate the main properties such as strength. Defects can sometimes take over from roughness as the most important debilitating factor at the nanometre and sub-nanometre scale.
(c) Area versus length effects
Just as the area can be of prime importance in function, as the size reduces, at the expense of volume, the length dimension can also be extra critical at the expense of the area. For example, there is a case in manufacture where this is so. In dies, e.g. figure 12 , the friction of flow of the material over the die is critical. This takes only on an acceptable value if there are pockets of lubricant trapped in the die surface [6] , as in figure 12 , because hydrostatic pressure conditions hold and the material will be held slightly away from the die surface, but if the pockets have broken boundaries, i.e. the length contours of the pockets are broken, as in the lower corner of the figure below, hydrodynamic or even boundary conditions hold, which are much less beneficial to the extrusion. If there is a uniform probability of a pocket per unit area, then the probability of a lubricant pocket having a discontinuous boundary increases as the die size reduces, i.e. as 1/L, thereby causing an increase in friction and consequently yielding poorer results [6] . Perhaps the most common example of where boundary or line dimension dominates area and volume is when surface tension appears in miniature applications [5] . This often occurs when surface finish is being used to influence performance such as when making a surface hydrophobic or hydrophilic; the local surface geometry can be designed to change the effective contact angle between the liquid and solid. Fluidic logic elements have made use of this capability.
In §5a-c, it can be seen that there is a jockeying for position in importance of volume, surface area and boundary length, with some emphasis shifting towards the lower order dimensions as the scale of size reduces, especially with respect to problems such as defects. A good example of this tussle between area and length is in the semiconductor industry. It is well known that at the edge of a wafer of silicon where printed circuits are being deposited, those circuits near to the periphery of the wafer are poorer in quality than those in the general area because of the difficulty in controlling the process near to the edge. So, the ratio of area to peripheral length of the wafer gives the ratio of 'good' to potentially 'bad' circuits. It therefore makes sense to use as large a wafer as is possible.
(d) Size and proportion
One result of the properties of the geometrical feature size, shape and length is the fact that knowledge of the ingredients of a material or substance is not necessarily a guarantee that the functional properties can be predicted, ask any cook! A small plateful of ingredients taste different, when cooked, to that of a large plateful with the same proportion of the same ingredients. This is due to the different rates of cooling and heat retention with the different amounts of material. Similarly, a small system designed for a mechanical task such as a gearbox or motor will perform quite differently from a scaled-up macroversion having the same shaped parts and made up of the same materials: the ratios of areas to volumes of components will all be different and so, therefore, will be the values of and the balance between the forces. This is one reason why the performance of microelectromechanical systems and similar devices is relatively unpredictable. Functional behaviour has yet another variable (relative proportion) to contend with, especially when involving complex hierarchical, composite and fractal materials! (e) Changes in force relationships with respect to geometry Much of manufacturing is concerned with forces, energies and their relationship in making and measuring parts of engines and instruments. Force and energy relationships are also fundamental in determining how well parts perform. On the macrolevel, this is well understood, but the situation is not clear as the scale of size reduces. In fact, many changes that are not well known and that affect design take place. It is not sufficient to think just in terms of the implication of the dynamics of size reduction because there are also material changes that are not considered here, but equation (5.2), which is that of a simple second-order equation, is a good starting point from which to consider the changes,
where m is mass, T is the damping factor, k is the elastic modulus and F is the applied force. The dynamic terms in the equation are related to volume and area. Each term changes at a different rate as the scale of size decreases. This pattern of behaviour is profound. It says that at normal macroscales, the dominant force is inertial. At small sizes, this is not the case because the inertial forces decrease by a factor of L 5 , where L is the size, for moment of inertia terms in rotational dynamics, as L 3 for mass terms in translational dynamics and as L 2 for damping terms; so, in terms of dynamics, at the smaller scales, the damping term dominates. In addition, as this term depends on the area of surface, the topography is critically important; so friction in lateral forces and adhesion in normal forces, which are much dependent on the surface finish, take on a more important role in performance. This is not good news because they are not as easy to control as the inertial forces. The elastic term is concerned with displacement, which although not dynamic has surface generation connotations. An interesting observation is that the balance of force changes from inertial dominance to damping dominance at about a millimetre scale of size, as shown in figure 13 , which is a typical size for insects and small miniature systems. This change is observable: ants, for example, move at a constant speed and there is no need to slow down for obstacles; also, flies do not bank in flight when they turn because of negligible inertial effects.
Associated with each term of the equation are two components-one with the geometric aspects as commented on already and the other, in the case of the dynamic terms, concerned with the temporal aspects. There are other associated forces that have to be taken into account. For example, the damping term includes friction and or viscous resistance, which depend on area and velocity, but forces that are also dependent on area are adhesion and atomic forces, which are not dependent on velocity yet are scale sensitive and have to be taken into account when considering the change in the balance of forces in miniaturization.
Because precision engineering has many mechanical operations, which often involve the interaction of more than one body, it is essential that an understanding of the implications of the scale reduction under these circumstances is undertaken. Some aspects are considered in the subsequent sections. 
(f ) Change in the balance of bulk to surface energies, with reduction in the scale of size
The basic idea is to see whether there is a relationship [7] that relates the properties of the bulk material to that of small size and indirectly to the properties of the surface (rather than directly via the volume and area). It is necessary to identify intrinsic length (l in ) scales of several physical properties and show that for nanostructures whose characteristic sizes (L) are much larger than these intrinsic scales, the properties obey a simple scaling law. The simple law can be attributed to the fact that essentially the physics of the situation is straightforward: the underlying cause of the size dependence of the properties is the competition between the surface and bulk energies. This is not a simplistic statement. For example, this competition has a direct influence on the mode of chip formation in machinability [5] . The assertion [7] is that many physical properties can be expressed in the form
where the remainder O(−) is to the second order at most. This usually allows the linear form to be adequate. In equation (5.3), F (∞) is the bulk property and F (L) the small property. Thus,
which could indicate that the ratio is usually small and that the scaling law is probably exponential. As indicated earlier, the reason for the change in the physical properties is a direct result of the size effect in which surface properties become more important as the size reduces. Two examples of the competition between the surface and bulk energies relevant to ultra-fine machining are elastic deformation and brittle fracture, in which there has to be a balance between surface and bulk energy rather than force. So, for elastic deformation, the balance is between surface energy versus strain energy in the bulk, and for brittle fracture, it is between energy consumed in creating new surface versus strain energy released into the bulk.
(g) Plastic effects and size
There is a problem concerning plastic deformation of small volumes. Are, or should, small volumes of material be more resistant to plastic deformation than is implied by the yield strength of the bulk material? Dunston & Bushby [7] show that there is an increase in the initial yield strength of objects having small volumes, wherever there is a strain gradient due to geometrical rather than material reasons, which is a surprising result. The onset of yield is postponed in the presence of a strain gradient, especially in ductile materials. This is a result of 'critical thickness' theory. The increased yield strength (i.e. hardness) is not due to an increase in the material property attributable to the presence of distortions or defects, but is due here to the reduced volume from which the elastic energyto drive relaxation-is drawn. In ductile metals, for example, low-yield stresses in the megapascals range give lower values of geometric strength of nanowires with bigger thickness, indicating that the smaller dimensions are synonymous with higher strengths.
Miniaturization and functional changes due to geometry (a) General considerations
To see how functional changes occur as a result of scale change, it is useful to make use of the function map concept to help in such considerations [8] . This is simply a two-dimensional depiction of most tribological situations likely to occur in practice ( figure 14) . The ordinate is a characteristic dimension that is often the gap between the surfaces of two parts that are in the process of being in or near contact, or, in some cases, it is the size of the part, whichever is the critical dimension of the application. The abscissa is the relative lateral velocity between the elements of the tribological system usually that of two surfaces or that between a surface and a liquid. Most engineering tribology situations can be shown, although in a simple form on this graph. This has the advantage that changes can be demonstrated easily. In the figure, a macroscene is shown in which some typical dimensionless curves are drawn representing a near static regime such as contact with its associated Greenwood plasticity index [9] , a flow regime illustrated by the curve of Reynolds number [10] and a viscous regime somewhere in between using a Bingham curve [5] . These curves are not to scale in this figure, but their positions are representative. The graph also has arrows attached to the curves, which show how they can move as the scale of size is reduced. As many macro-applications in practice involve more than one mechanism acting simultaneously, sequentially or in parallel, the picture can get very complicated. Summarizing, as the scale reduces, the curves move, but usually not in the same way because the force relationships described by these curves depend in different ways on the geometric features of the system, with the result that the boundaries and intersections of these curves change. This represents a change in behaviour from the macro to the milliscale, and from the micro and ultimately to the nanoscale. In the following, some examples will be given.
(b) Contact
Contact, friction and flow are fundamental constituents of tribological behaviour. It is, therefore, important to determine how they react to scale change, especially those scales involving small mechanical devices. In conventional contact, macroparts make contact at the surfaces of the parts. The surfaces have a roughness determined by the process, probably grinding. The mode of deformation is initially elastic, and then if the load is increased, some component of plastic deformation results. All this is well known [9] . The result is that there are many contacts between the surfaces. Now consider the possible changes in the mode of contact when the parts are very small, an immediate big change is that the gravitational and inertial forces are markedly smaller than in the macrosize case.
Material properties such as hardness, elasticity and shear do not change with size in the same way as dimensions. Hardness depends largely on the density of dislocations in the material. Indentation depends on the number of dislocations encountered by the indenter. If the load is small, i.e. because of very small parts, the area is small and so there are fewer dislocations encountered; the hardness effectively increases. Shear modulus also increases as the load reduces. At small scales of system size, therefore, compliances are minute and the effective rigidity of a system increases because the effective material properties increase at the same time as the applied forces become smaller. In the limit with sub-millimetre parts, contact phenomenon can be fundamentally changed. Usual contact involving elastic and plastic deformation effectively does not occur. This phenomenon is different from macrocontact [11] . Also, the fact that the roughness is likely to be disproportionally large when compared with the object size ensures that van der Waals forces and covalence charge effects can be neglected. So, for sub-millimetre parts, there is a 'twilight' zone where kinematic rules regarding contact are likely to apply and furthermore with lateral movement between the parts, contacts are impulsive. Static and slow-moving surface systems can, in the limit, only have three contacts, for example, even a four legged stool resting on a smooth surface will only have three legs contacting the floor-providing that the loading on it is light [12] . It is theoretically possible for there to be six point contacts, like a Kelvin clamp, if the surfaces are rough and there is a static situation, but this is highly unlikely. Also, if the two surfaces have a very high relative lateral velocity, lift-off could occur ( figure 15 ). Slow movement insists on only three contacts. There is continuity of contact between the bodies in time but not in space across the surfaces; for example, in electrical contact, the current would be spatially discontinuous. Using Voronoi methods [13] , it can be shown that the area within the contacts always encloses the centre of gravity of the moving part [11] (figure 16).
At the small-scale, having to comply with the exact number of contacts between surfaces introduces all sorts of problems, especially in assembly and in the allocation of tolerance limits. The translation or rotation of a shaft in a bearing, for example, would always require four points of contact (figure 17a). In the case of a nut and bolt, it is arguable that unless the tolerances are relaxedhardly recommended in high-precision engineering-the nut would not turn on the bolt (figure 17b). This picture is completely different from the conventional behaviour of high-precision engineering components and has implications for the performance of high-precision very small mechanical machines in terms of tolerance and movement, Figure 18a shows the movement of a body in a liquid owing to molecular impacts. The centre of the body A moves randomly as seen by the locus o of A moving to o . This is an example of 'Brownian movement' of a body immersed in a liquid. There is an equivalent situation in small-scale engineering in the movement of rough body B over a rough surface C (figure 18b). Both these movements are random but of a completely different form, namely Brownian and Langevin. In figure 18a , the body suffers continuous multiple hits, but in figure 18b , it has a sequence of single yet continuous hits. Equations (6.1) and (6.2) show the difference between the two equations of motion. The seemingly sporadic movement of the one body over the other in figure 18b produces a jerky movement having small roll and pitch motions in addition to major yaw movements. It is possible that the shear mechanisms produced by this random component of the motion could prevent the onset of stick-slip and other unwanted effects. 
(c) Size effects with solids and liquids
There is another example of where the line boundaries rather than area are dominant, and this is the case where both solids and liquids are involved, as in surface tension where the behaviour of a liquid droplet suspended from a ceiling or other object is determined by the length of the periphery of the contact and not by its area, the surface tension being a function of boundary length. It is the reason why a fly can stick to a wall or hang upside down with impunity, its feet cling by capillary action to the solid object. The liquid is excreted from its footpads. The other point is that the weight is not a significant factor, again because of the scale of size effect.
The Brownian case illustrates the importance of scale of size of a solid object moving within a liquid environment. There is a general case that illustrates how the behaviour of bodies moving with respect to liquids depends on size effects. Figure 19 is a general case of the behaviour of two solids with a liquid between them when either solid or liquid is moving and the solid size and gap between them is changing.
It can be seen from the figure that at about a scale size of a millimetre, the Reynolds number [10] is approximately unity. This means that the viscous resistance or drag forces are about equal to the inertial forces. Usually in macrosituations, the inertial forces are much larger than the viscous forces and dominate the behaviour, but this situation begins to change at the millimetre and especially at the sub-millimetre scale. This is the start of a transition from a single-element approach to that of a system's approach: the two elements can no longer be considered to be independent of each other because the drag of one surface, as it moves or the liquid flows over it, affects the other member significantly. The scale of a millimetre or thereabouts represents therefore a kind of transition dimension separating macrobehaviour from small-scale effects. This value of size fits in well with the statements made earlier on about kinematic contacts where the inertial effects, i.e. weights associated with object size and the dynamic forces associated with the object movement, usually become small enough to be ignored at sub-millimetre size (figure 13). It is apparent that below this scale, the key properties of contact and flow begin to change. Another fluid size effect arises from the miniaturization of hard disk drives. In these drives, the gap between the read/write head and the platter is now smaller than the mean free path of the molecules of the gas in the gap; so the ideal gas laws can no longer be used to calculate behaviour.
The size effect is also apparent in multi-phase flow, for example, in flows involving gas and liquid, i.e. Taylor flow. Here, the Reynolds number is replaced by the Bond number, which is a measure of the ratio of the fluid inertial forces to the surface tension. Small-scale conditions cause considerable changes in bubble behaviour in pipes of small dimensions giving rise to small Bond numbers. At small pipe dimensions, the bubbles move at different velocities towards the liquid. If the shape of the pipe is changed, then this also causes profound effects. If the capillary number falls below 0.04, then the shape of the cross section can dominate, although the surface roughness does not appear to have as much effect if the pipe or channel size is a millimetre or more [14] . The point here is that there are occasions where the relationship between size and the shape of the system itself can change as the size changes rather than the properties of a single element.
The surface texture to size relationship can also change with size, and this produces some different effects. A good example is in fluidics and is shown in figure 20 , which is concerned with fluid mixers at the macro and microscale [15] . The macrosystem is shown in figure 20a , which indicates that at the outlet channel, the two fluids are properly mixed. However, when the size is reduced to sub-millimetre dimensions, problems arise because the fluid behaviour changes: the two fluids fail to mix properly, as shown in the top half of figure 20b. The reason for this failure has been attributed to the fact that the two mechanisms essential for the mixing (namely turbulence and diffusion) do not work properly for low Reynolds numbers. What the mixing example illustrates is that even phenomena such as turbulence need room to develop and act, as does plastic deformation mentioned earlier, and that when the dimensions get small they do not develop properly: it is the proximity of other boundaries that is acting as a constraint. This has led to an investigation of artificial ways of producing the same effects. A successful method uses a structured surface finish along the mixing channel. This is a set of chevrons pointing along the channel whose points are angled according to a Weierstrass random distribution (figure 20c). This has the equivalent effect of 'folding' the fluid (which corresponds to the turbulence) and 'stretching' the fluid (which corresponds to the diffusion effect). Together, they produce the desired mixing. The angles of the chevrons and their depth and length could be changed, if required, to give a very comprehensive set of tools with which to tackle the functional mixing problem, which is an advance made possible by mathematical analysis and a precise capability for machining and positioning the chevrons. Even these considerations do not preclude the use of other types of pattern or statistics [5] .
An important issue is raised in this example concerning the prediction of system function. The traditional ways of characterization do not apply here. The variables mentioned earlier all need to be specified properly for the system to perform correctly. Randomness of patterns requires special treatment, as do types of pattern. The chances are that there are special requirements for many applications that can be achieved but that are not in any standard. This highlights one of the problems in the new type of surface finish now that it has been divorced from manufacture, there are likely to be too many variables. It will be difficult to anticipate the generic characteristics of such a growing subject. Comprehensive 'structural' surface characterization is one requirement of future metrology, but an even more pressing characterization problem involves the interaction between surfaces occurring in practically all tribological regimes. As the scale of size reduces, the need for a characterization that involves both surface increases because ultra precision in very small parts will require it. Some aspects of this will be considered next.
System characterization and the need for new metrology
In most mechanical applications, whether on the macro or microscale, two or more surfaces are involved, yet in the characterization, only one is considered, usually at great lengths, sometimes involving elegant but irrelevant mathematics.
The fundamental question that has been neglected is how to take the complete tribological system into account, whether it be on a macro or microscale. One suggestion is to use, as a basis the function map in which the tribological function is represented by an ordinate, which is the normal separation of the two surfaces and the abscissa, which is their relative lateral velocity. On this framework, most functions can be represented ranging from contact, friction, lubrication and wear, as well as other non-tribological phenomena such as light scatter from surfaces. Figure 21 shows what happens to surfaces in such a framework. The arrows represent the surfaces. If asked for a physical description of a tribological situation, words such as squeeze, press, etc., shown in the figure come to mind. These are the actions to which the surfaces are being subjected. Yet, such words do not appear in surface characterization. It seems not just logical but sensible to try to build a characterization and a metrology based upon 'actions rather than words', i.e. actions rather than surface descriptions. The conclusion from this is that the surface parameters should be system parameters and that they should mimic the actions that the surfaces are undertaking, e.g. a slide parameter or a roll parameter. Parameters that do this have been called 'operational' [5] . A first step has been made, which incorporates both surfaces and the action [5] . Some examples, admittedly of a simple character, are shown in the right-hand side of figure 21. Mathematical operations connecting the surfaces to the function include convolution (asterisk) and correlation (filled circle) and their variants. In addition, for normal operations such as contact, the material ratio curve has been found to be the most useful variable rather than the surface geometry because it is a better functional average and is insensitive to lateral position. Equation (7.1) is an example of the operation of a surface rubbing over another, whereas equation (7.2) is that of two surfaces making 'normal' contact. In both, the overbars over f b and MR 2 indicate that the surfaces are in opposition to f a and MR 1 , respectively. The variable f is some function of the local roughness z modulated by the 'action' such as transverse force due to friction and assumed here to be linear to a first order. This approach demonstrates the possibility of incorporating the surface interaction into the transfer function of the engine or instrument or sensor making up the system. This is made possible because of the convenient form of the mathematics. As the surfaces play an important role in the operation of any machine, even if not in the steady state, then at least at start up, it makes a lot of sense to incorporate them into the system operation. Doing this is not easy but is necessary because maximum energy transfer occurs at the 
Conclusions
There is a progression towards separating the influence of the various geometrical characteristics previously regarded as inevitably interlinked because of the manufacture, with the result that there is now much more choice in solving functional and manufacturing problems. The 'value-add' component of ultraprecision mechanical engineering is moving inexorably towards shape and texture solutions. Miniaturization is causing some unexpected changes in mechanical and physical properties involving surfaces. An examination of these has shown that at scales of size of about sub-millimetre, a significant transition in behaviour patterns of miniature precision mechanical devices occurs, which can make it difficult to predict performance.
Surface characterization will have to move towards a system's approach if optimization of performance intrinsic to ultra-precision engineering is to be maintained and enhanced in the future. This study has shown that the characterization of surfaces should be object size dependent because this size factor causes surfaces to influence performance in different ways.
